Abstract: Despite remarkable progress in survival of children with acute lymphoblastic leukemia (ALL) which has reached about 85%, early toxicity and relapse rate remain issues that need to to be resolved. Genetic variants are important factors influencing the metabolism of cytotoxic drugs in ALL treatment. Variants in genes coding for methotrexate (MTX)-metabolizing enzymes are under constant scientific interest due to their potential impact on drug toxicity and relapse rate. We investigated methylenetetrahydrofolate reductase (MTHFR) c.677C>T and MTHFR c.1298A>C variants as pharmacogenetic markers of MTX toxicity and predictors of relapse. The study enrolled 161 children with ALL, treated according to the current International Berlin-Frankfurt-Munster group (BFM) for diagnostics and treatment of leukemia and lymphoma protocols. Genotyping was performed using PCR-RFLP and allele-specific PCR assays. Our results revealed similar distributions of MTHFR c.677C>T and MTHFR c.1298A>C genotypes among 104 healthy individuals as compared to pediatric ALL patients. A lower incidence of early MTX toxicity was noted in the MTHFR c.677TT genotype (p=0.017), while MTHFR c.1298A>C genotypes were not associated with MTX toxicity. Carriers of any MTHFR c.677C>T and MTHFR c.1298A>C genotypes did not experience decreased overall survival (OAS) or higher relapse rates. Genetic variants in the MTHFR gene are not involved in leukemogenesis in pediatric ALL. The presence of the MTHFR c.677TT genotype was recognized as a predictive factor for decreased MTX toxicity during the intensification phase of therapy. Neither MTHFR c.677C>T nor MTHFR c.1298A>C genotypes correlated with an increased number of toxic deaths or relapse rate. Our study emphasizes the importance of implementing pharmacogenetic markers in order to optimize pediatric ALL therapy.
IntRoduCtIon
Acute lymphoblastic leukemia (ALL) is the most common malignant disease in childhood, with a survival rate of about 85% [1] . Improvement in survival is accomplished mainly due to more precise risk stratification based on a comprehensive detection of the most frequent genetic rearrangements and the evaluation of responses to applied therapy [2] . The major issues that still compromises survival are early toxicity and relapse rate [3] . Nowadays, single nucleotide variants (SNVs) have been shown to be among the most important factors influencing the pharmacokinetics and pharmacodynamics of cytotoxic drugs [4, 5] .
Methotrexate (MTX) is an antifolate chemotherapeutic agent that has been widely used in the treatment of pediatric malignancies and it is the key drug in the intensification phase in therapeutic protocols for children with ALL [6] . It is well known that highdose MTX (HD-MTX) is associated with numerous side effects, targeting almost every system and causing myelosuppression, skin toxicity, oral mucositis (OM) and gastrointestinal tract (GIT), liver, renal and central nervous system (CNS) toxicities.
For many years, the pharmacokinetics and pharmacodynamics of MTX were the only reliable method for detection of MTX toxicity [7] . But the interpatient variability is so great that the individual toxic response to HD-MTX cannot be predicted from these parameters alone and the genetic variants in MTX metabolic pathway are introduced to clinical practice. [8] . MTX blocks the conversion of dihydrofolates to tetrahydrofolates, the biologically active folate cofactors, increases serum homocysteine, induces a low folate level and, by affecting the intracellular folate pool, influences the activity of the enzyme methylenetetrahydrofolate reductase (MTHFR). This enzyme catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the predominant circulatory form of folate and the carbon moiety required for the conversion of homocysteine to methionine [9] .
Two common variants in the MTHFR gene, c.677C>T and c.1298A>C lead to 30-60% reduction in MTHFR enzyme activity [10] . Patients with the c.677C>T variant have impaired remethylation of homocysteine to methionine and subsequent hyperhomocysteinemia. Although c.1298A>C has been associated with reduced MTHFR activity, neither the homozygous nor heterozygous state is associated with a change in homocysteine or folate levels [11] . However, it appears that individuals heterozygous for both c.677C>T and c.1298A>C have a phenotype similar to that of c.677TT homozygotes.
Several studies have shown that patients with decreased MTHFR activity are at an increased risk of MTX-related toxicity. HD-MTX treatment most often causes hepatic and kidney toxicity, as well as bonemarrow suppression. A number of studies reported a higher incidence of MTX toxicity, especially GI or hepatic ones among patients with the c.677T variant, while other authors did not confirm its impact on toxicity when patients were compared according to their MTHFR c.677C>T genotypes [12] .
MTX-associated toxicity could alter the therapy response in pediatric ALL, most commonly causing therapy interruption, and thus leads to a higher number of relapses. Previous studies have shown a higher risk of relapse in ALL patients with the MTHFR c.677T allele, both in children and adults [13] . On the other hand, the MTHFR c.1298A>C variant was not associated with either altered risks of relapse or toxicity in childhood ALL [14] .
This study aimed to analyze the frequency of the MTHFR c.677C>T and MTHFR c.1298A>C genetic variants and their potential role in the prediction of MTX induced toxicity and its impact on outcome.
MAteRIAlS And MethodS

Patients
The study was approved by Ethics Committee of the University Children's Hospital in Belgrade. Samples for pharmacogenetic analysis were obtained from bone marrow on diagnosis with the agreement of parents by written consent. Samples from 104 healthy individuals were obtained from blood, on a voluntary basis. The study included 161 consecutive pediatric patients with de novo diagnosed ALL. A significant predominance of males was observed, accounting for 59.6% (96/161) of the patient group. Age ranged from 0.9 up to 17.6, median 5.5, average 7.1 years. The biological characteristics of patients in our study group, significant for risk stratification and treatment strategy, are presented in Table 1 .
diagnosis, risk stratification and treatment modalities
Diagnostic tools, risk stratification and treatment strategy were performed according to the current International Berlin-Frankfurt-Munster (BFM) group for diagnostics and treatment of leukemia and lymphoma protocols [15] . Risk stratification includes age at diagnosis, initial leukocyte count, cytogenetic and molecular genetic markers, as well as the therapy response on three time points (days 8, 15 and 33). In the standard risk group (SR), 21. 
evaluation of toxicity
Evaluation of toxicity was based on the Common Toxicity Criteria (CTC) of the National Cancer Institute (NCI), including: infection, skin toxicity, OM and GIT, liver, renal and neurological toxicities, grading from 0 (no toxicity) to 4 (the most severe toxic event), and is presented in Table 2 . Toxicity was estimated through clinical examination, laboratory and radiological findings.
dnA analysis
Our study investigated the pharmacogenetic influence of the MTHFR gene in children with ALL during protocol mM, since this was the most numerous group of patients in our cohort. DNA was extracted Table 3 .
During MTX therapy, the most common grade 1 toxicity was infection, then OM, GIT, liver, neuro and renal toxicities. Grade 2 toxicity was most frequently noted as GIT toxicity, then OM, infection, liver, neuro and skin toxicity. Grade 3 toxicity was seen most often as OM, infection, GIT and liver toxicity. None of the patients experienced grade 4 toxicity during protocol mM.
A lower incidence of early clinical and laboratory MTX toxicity was noted only in carriers of the MTHFR c.677TT genotype (p=0.017). A MTHFR c.1298A>C variant did not influence MTX toxicity. The correlation of MTHFR c.677C>T and MTHFR c.1298A>C genetic variants and MTX toxicity is presented in Table 4 In our study group, OAS was 87% (140/161), while event-free survival (EFS) was 80.6% (130/161): 15% patients relapsed (24/161), 3.1% died as a result of toxic events (5/161) and two patients developed secondary malignancy (1.3%). Out of 24 relapsed patients, 11 (45.8%) are in a second complete remission (CR). Both of the children with secondary malignancy are in second CR. One of them is a carrier of the rarest c.[677T;1298C] haplotype, who experienced OM and GI toxicity during consolidation treatment and later developed acute myeloid leukemia (AML), successfully treated with allogeneic hematopoietic stem cell transplantation (allo-HSCT). The variants MTHFR c.677C>T and MTHFR c.1298A>C did not significantly influence either OAS or EFS, nor did their haplotypes. The correlation between MTHFR c.677C>T and MTHFR c.1298A>C genetic variants and OAS is presented in Table 5 and with EFS in Table 6 .
dISCuSSIon
Comparison of the analyzed MTHFR genetic variants between pediatric ALL patients and the control group did not reveal statistical significance, in contrast to a study conducted in adult patients with leukemia [19] . Another study of MTHFR genotypes in the Serbian population, conducted in patients with thrombophilia, also did not reveal a significant difference in genetic variants when affected and healthy individuals were compared. [20] .
Further detailed analysis of the literature showed that MTHFR genetic variants possibly modulate the risk of ALL in adults, but not in children, as shown in our study [21] . However, a previous study investigating the leukemogenetic effect of the MTHFR gene in Serbian pediatric patients revealed a significant association between CT/TT genotypes and reduced risk of ALL [22] . Therefore, the role of variants in the MTHFR gene in susceptibility for ALL development in children needs further investigation in larger cohorts of patients.
During the intensification phase of therapy, among SR and IR patients who received 2 g/m 2 of [23] .
Carriers of the MTHFR c.677TT genotype had a lower incidence of early MTX toxicity, making the presence of this genetic variant more favorable in our group of patients. Lower MTHFR enzyme activity caused by the homozygous MTHFR c.677T variant leads to a reduced conversion rate of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. A higher level of 5,10-methylenetetrahydrofolat might facilitate de novo purine and thymidylate synthesis, which might decrease the toxic effect of MTX [24] .
Considering the prediction of toxicity in children with MTHFR c.677TT genotype, the literature offers controversial reports. There are several studies providing results supporting the link between the MTHFR c.677TT genotype and increased risk of MTX [25] [26] [27] . However, Lopez-Lopez [12] questioned one of the most cited studies by D' Angelo et al. from 2011 [28] by recalculating their published results, and showed that MTHFR c.677TT is associated with decreased toxicity in patients receiving HD-MTX. These results are in concordance with the reports of other authors that do not find a correlation between the MTHFR c.677T variant and toxicity [29] [30] [31] , or even found a small protective effect for this polymorphism [32, 33] , like we have presented. Even further, a meta-analysis [12] did not indicate MTHFR genetic variants to be reliable markers for predictability of MTX toxicity.
In the study of Yang et al. [26] , where the MTHFR c.677TT genotype was pointed out as an unfavorable genetic marker, patients with the MTHFR c.1298A>C variant showed decreased risk of MTX toxicity, while in our study group MTHFR c.1298A>C did not influence MTX toxicity. Similar results to ours were published by D' Angelo et al. [28] , who also did not find a correlation between MTHFR c.1298A>C genetic variant and MTX toxicity.
In order to explain such opposing literature reports, we further analyzed the presence of different haplotypes and discovered that only three children out of 161 carried the rarest c.[677T;1298C] haplotype. Only one of them was among the children who received consolidation treatment with 2 g/m 2 of MTX and experienced OM and GI toxicity. We suspect that haplotype analysis, as well as gene-gene interactions, might explain the controversial results regarding the influence of MTHFR status in MTX toxicity [34] .
The OAS and EFS in our study group is in compliance with literature reports, with 87% and 80.6%, respectively [35] . Our research did not reveal an impact of MTHFR c.677C>T and MTHFR c.1298A>C genetic variants on OAS or EFS. The same results were reached in a study with adult ALL patients [36] . Literature data point at the MTHFR c.677TT genotype as a cause of increased rate of relapse [37] , but there are also studies supporting results similar to ours in children [38] . As for the assessment of toxicity, a probable reason for the variable conclusions on the impact of the investigated genotypes on OAS and EFS could be in unevenly detected unfavorable haplotypes. The only child with c.[677T;1298C] haplotype within the subgroup of patients receiving 2 g/m 2 of MTX developed secondary malignancy (AML), successfully achieved second remission after second-line chemotherapy and underwent allo-HSCT from a matched family donor.
The results presented herein emphasize the importance of the implementation of pharmacogenetic markers in current protocols in order to optimize pediatric ALL therapy.
